Introduction
Pseudoalteromonas is an ecologically and pharmaceutically important marine genus, with a wide distribution. It has been isolated from coasts (Bozal et al., 1997) , deep sea (Li et al., 2008) , the polar regions (Médigue et al., 2005; Zeng and Chen, 2002) and marine invertebrates (Ivanova et al., 2002) . The genus has diverse genome organization, with most completely sequenced genomes containing two chromosomes (Beurmann et al., 2015; Médigue et al., 2005; Rong et al., 2016) . There are a few exceptions, however, such as P. atlantica T6c, P. aliena EH1, P. atlantica ECSMB14104 and P. marina ECSMB14103, which only contain a single circular chromosome. Previous studies of P. haloplanktis TAC125 and P. translucida KMM 520
T have noted that the second chromosomes may have originated from plasmids (Médigue et al., 2005; Rong et al., 2016) , however, the evolution and development of multipartite genomes of Pseudoalteromonas are not clear. Differences between the two chromosomes regarding function and genome structure have not been well investigated. Rapid climate changes are taking place in the Arctic due to polar amplification (Moritz et al., 2002) , and melting ice and rising temperatures pose major threats to the ecosystems and life in the Arctic (Cronin and Cronin, 2015; Liao et al., 2015) . Pseudoalteromonas has been reported as a dominant group in the Arctic Ocean (Zeng et al., 2013a) . As a prevalent marine genus, Pseudoalteromonas has frequently been isolated from marine samples we collected from the Arctic Ocean (around 400 isolates including some of them deposited in the Marine Culture Collection of China). One new species, Pseudoalteromonas arctica (Khudary et al., 2008) , was reported out of near 80 new taxa isolated from the Arctic Ocean. Pseudoalteromonas is therefore a good model with which to understand microbial responses and adaptation to climate change in the Arctic. The presence of a multipartite genome also provides an opportunity to investigate whether the two chromosomes play different roles in environmental adaptation and stress responses. We have previously isolated a cold-adapted bacterium, P. fuliginea BSW20308 (deposited in the Marine Culture Collection of China under the accession number MCCC 1C00029), from ice-covered seawater in the Chukchi Sea, Arctic Ocean (Zeng and Chen, 2002) . The ambient seawater temperature in the Chukchi Sea is about −1.5 C all year round due to the presence of sea ice.
P. fuliginea BSW20308 grows well at 4 C, and optimally at around 15 C in Difco marine broth 2216 in a shaker, and no apparent growth was observed at temperatures higher than 32 C under the same laboratory conditions.
It is therefore considered a psychrotrophic bacterium according to the general definition of psychrotrophs (Jay, 1987; Margesin and Schinner, 1994) . P. fuliginea BSW20308 is well-adapted to the changing Arctic environment and contains two chromosomes in the genome (Zeng and Chen, 2002; Zeng et al., 2013b) . Its genome structure and evolution, as well as the roles of the two chromosomes in temperature responses, will therefore be investigated. High throughput RNA-seq has been widely used to investigate gene transcription under different treatments. RNA deep sequencing has also been recently applied to discover the sRNomes (the complete set of small RNAs in the organism) involved in gene regulation (Daume et al., 2017; Zorgani et al., 2016) . Small RNAs (sRNAs) are usually noncoding RNA molecules of less than 500 nucleotides in length, and function as regulators involved in modulating a wide range of physiological responses such as stresses and pathogenesis (Waters and Storz, 2009) . Although sRNA regulators are ubiquitous and important in regulatory networks, they are greatly underexplored, especially in non-model organisms. Currently, knowledge about the environmental adaptation and stress responses of Pseudoalteromonas is mostly based on the study of P. haloplanktis TAC125 at the genomic and the proteomic levels (Keiler, 2015; Médigue et al., 2005; Piette et al., 2011) . This genus has not yet been investigated for its transcriptomes and sRNomes in particular.
We have analysed of the complete P. fuliginea BSW20308 genome containing two chromosomes, so as to understand the genome structure and the evolution of the multipartite genomes of this genus. We also performed transcriptomic analysis of P. fuliginea BSW20308 at 4, 15 and 32 C to discover responses to temperature stress at the RNA level. Discoveries of the extensive involvement of sRNAs, including novel sRNAs in temperature responses revealed the sRNA world of Pseudoalteromonas for the first time. This study represents an important step towards understanding of the genome architecture of Pseudoalteromonas, and the mechanisms of temperature adaptation in the arctic strain.
Results
General features of the P. fuliginea BSW20308 genome
The complete genome of P. fuliginea BSW20308 contained two circular chromosomes (Supporting Information Fig. S1 ), including a large chromosome (chr1, 3 924 123 bp with GC content of 39.1%) and a small chromosome (chr2, 906 103 bp with GC content of 38.7%) (Supporting Information Table S1 ). A total of 23 rRNA genes were organized in seven rRNA operons, including six on chr1 and one on chr2. The oriC regions (oriC1 and oriC2) differed significantly in sequence. A total of 12 and two genomic islands (GIs) were detected on chr1 and chr2 respectively (Supporting Information Fig. S1 ). Five and two putative secondary metabolite biosynthetic gene clusters (SMGCs) were predicted on chr1 and chr2 respectively (Supporting Information Fig. S1 ). The SMGCs were predicted to produce bacteriocin, arylpolyene, nonribosomal peptide and other type of natural products (Supporting Information  Table S2 ). There was an intact prophage of 41.1 kb and an incomplete prophage of 8.1 kb detected on chr1 (Supporting Information Fig. S1 ). An incomplete prophage of 6.5 kb was predicted on chr2 (Supporting Information Fig. S1 ). Four and one clustered regularly interspaced short palindromic repeats (CRISPRs) were identified on chr1 and chr2 respectively (Supporting Information Fig. S1 ).
Annotation and comparison of the two chromosomes
According to the Reciprocal Best Hits (RBH) analysis, the two chromosomes shared 212 orthologs, accounting for 6% and 26% of genes on chr1 and chr2 respectively (Fig. 1A) . The most abundant Cluster of Orthologous Group (COG) of orthologs was category K (transcription), with a higher percentage than that of the chromosome specific genes (Fig. 1B) . The most abundant COG categories of the chr1 and chr2 specific genes were functional groups T (signal transduction mechanisms) and R (general function prediction only) respectively (Fig. 1B) . The following COG categories had the highest percentages in the chr2 specific genes compared with the chr1 specific genes and the orthologs: R (general function prediction only), S (function unknown), Q (secondary metabolites biosynthesis, transport and catabolism), U (intracellular trafficking, secretion and vesicular transport), I (lipid transport and metabolism) and F (nucleotide transport and metabolism) (Fig. 1B) . By contrast, higher proportions of chr1 specific genes compared with chr2 specific genes and orthologs belonged to COG categories M (cell wall/membrane/envelope biogenesis), J (translation, ribosomal structure and biogenesis) and H (coenzyme transport and metabolism) (Fig. 1B) . The Kyoto Encyclopedia of Genes and Genomes (KEGG) pathway assignment showed some differences between the chr1 specific genes, the chr2 specific genes and the orthologs. For example, the chr1 specific genes accounted for the highest percentages in the pathways such as energy metabolism and translation, as well as folding, sorting and degradation (Fig. 1C ). There was a higher proportion of chr2 specific genes than chr1 specific genes and orthologs in the pathways of xenobiotics biodegradation and metabolism, the metabolism of terpenoids and polyketides and the nucleotide metabolism (Fig. 1C) . Some metabolic pathways were absent in the chr2 specific genes, including glycan biosynthesis and metabolism, transcription, folding, sorting and degradation and transport and catabolism (Fig. 1C ).
Up to 58% of genes on chr2 showed significant similarities (e-value < 1e ) with plasmid genes from multiple organisms, including Ralstonia solanacearum CFBP2957, Sinorhizobium species, Ketogulonicigenium vulgare WSH-001 and Agrobacterium fabrum str. C58, as well as other minor bacteria phylotypes (each accounting for less than 2% of matched organisms) ( Fig. 2A , and a full list of matched phylotypes in Supporting Information Table S3 ). A type VI secretion system (T6SS) gene cluster was also exclusively discovered on the chr2 of P. fuliginea BSW20308 (Fig. 2B) . The gene component and organization of Pseudoalteromonas T6SSs differed from that of Vibrio cholerae (Fig. 2B) .
Essentiality of the second chromosome
The second chromosome of P. fuliginea BSW20308 had essential genes in addition to rRNA genes. For example, minCDE involved in cell division, hisS encoding histidyltRNA synthetase, gcpE in the deoxyxylulose pathway of isoprenoid biosynthesis, and the tus encoding DNA replication terminus site-binding protein are essential to normal growth and survival and were only detected on chr2. A histidine biosynthetic gene cluster containing eight tightly linked genes, hisIFAHBCDG, existed only on chr2.
Phylogenetic and timescale analyses
We chose nine representative Pseudoalteromonas complete genomes with two chromosomes to construct A
BSW20308 Chr2
Vibrio cholerae Chr2 Table S3 . B. The type VI secretion system gene cluster of chr2 compared with those from other Pseudoalteromonas and V. cholerae. Homologous genes are indicated in the same colour, and hypothetical protein encoding genes are coloured white.
phylogenetic trees with P. fuliginea BSW20308 (Supporting Information Table S1 ). Alignments of 821 and 48 singlecopy genes were built separately for the first and second chromosomes. The resulting trees of both chromosomes showed the same phylogenetic relationship among the nine species, with slight differences in branch length ( Fig. 3A and B). The whole-genome-based phylogenetic tree also supported the same phylogenetic relationship of these species (Fig. 3C) . It clearly showed a separate clustering of the first and the second chromosomes (Fig. 3C) . The phylogenetic distances between species were reflected by gene synteny (Supporting Information Fig. S2 ). The BSW20308 strain shared extensive synteny on both chromosomes with strains KMM520, SM9913, TAC125 and KCTC 12958 (Supporting Information Fig. S2 ), always forming a cluster in the phylogenetic trees. In general, the first chromosomes showed overall higher synteny than the second chromosomes (Supporting Information Fig. S2 ). According to the time estimation (Fig. 3D ), P. atlantica T6c first diverged from other Pseudoalteromonas around 830 million years (Ma) ago. Pseudoalteromonas sp. OCN003 was the second divergent species from the remaining Pseudoalteromonas. Interestingly, the Arctic strain P. fuliginea BSW20308 and the Antarctic strain P. haloplanktis TAC125 shared a putative ancestor before divergence around 113 Ma ago, as estimated.
RNA-seq data clustering
Transcriptomes of P. fuliginea BSW20308 grown at 4 C, 15 C and 32 C in biological triplicates were profiled using RNA-seq approaches. The three temperatures respectively represent the lowest temperature showing significant growth (LT), the optimum (OT) and the maximum growth temperatures (HT) of P. fuliginea BSW20308 in Difco marine broth 2216 (Supporting Information Fig. S3 ). Around 28.32 to 35.05 million raw reads per library were generated, resulting in 28.09 to 34.79 million clean reads (over 4 Gb) per library (Supporting Information Table S4 ).
According to the PCA analysis, the biological replicates clustered together and were separated according to temperatures, suggesting a high consistency of biological replicates in the high-throughput transcriptome analysis (Supporting Information Fig. S4 ). Pearson correlation analysis also returned high R 2 values among replicates within the same temperature treatment (Supporting Information Fig. S4 ). Together, the PCA analysis and the Pearson correlation analysis indicated that biological replicates within the same temperature treatment can be combined to represent the overall gene expression under the same condition. Alignment of RNA-seq data back to the genome Over 97% of the clean reads were mapped to the genome, including low percentages of reads mapped to rRNA genes due to incomplete removal of rRNA during library preparation. The reads mapped to rRNA genes were excluded from further analysis, resulting in 26.12 to 32.85 million rRNA-free mapped clean reads (valid reads) per library (Supporting Information Table S4 ). Further analysis of the valid reads revealed interesting expression patterns in the nine transcriptomes. The average percentages of reads mapped to protein coding sequences (CDS) on chr1 decreased with rising temperatures, from an average of 60.32% at LT to 22.39% at HT (Table 1 ). In addition to CDS, noncoding RNA genes and unknown intergenic regions (IGRs) were transcribed on chr1 at various degrees (Table 1 ). In general, the percentages of reads mapped to SRP RNA, tmRNA, 6S RNA and unknown IGRs were highest on average at HT. Surprisingly high percentages of both tmRNA (38.01%) and unknown IGRs (25.85%) were detected at HT, even higher than that of CDS transcribed under this condition (22.39%) ( Table 1 ). RNase P RNA had the highest average percentage at OT and the lowest average percentage at HT. A similar level of transcription of tRNA genes (around 0.6%) was detected under the three temperature treatments. In contrast, only CDS (over 97%) and unknown IGRs (around 1%-2%) were detected on chr2 in the nine transcriptomes (Table 1) .
Prediction of new transcripts within the IGRs
Since the unknown IGRs were transcribed at relatively high levels on chr1, especially under high temperature treatment, further analysis was performed to identify the IGRs. The most abundant reads mapped to the unknown IGRs were identical to sequences located between a gene encoding GNAT family acetyltransferase (D172_RS06075) and a gene encoding hypothetical protein (D172_RS06080) on chr1, accounting for over 99% of reads mapped to all unknown IGRs in each library. This region was predicted to contain a novel sRNA of 316 nt, named Pf1 sRNA here, which had no similar sequence in the Rfam database (Supporting Information  Table S5 ).
In addition to this novel sRNA, 25 additional novel transcripts were predicted within the unknown IGRs, including another 14 novel sRNA candidates and 11 non RNAencoding new transcripts (Supporting Information  Table S5 ). Among them, a novel sRNA (Pf15 sRNA) and two new transcripts (PfNT1 and PfNT2) were located on chr2, while the remaining predicted transcripts were all located on chr1. The 11 non RNA-encoding new transcripts were originally predicted to be pseudogenes or encoded hypothetical proteins that were not predicted during genome annotation. The two exceptions were PfNT6 and PfNT11, predicted to encode integrase and lipoprotein YiaD respectively. Among the 15 new sRNAs predicted here, Pf3 sRNA was found to be similar to lysine riboswitch, a ribosensor located in the 5 0 UTR of genes involved in lysine biosynthesis (Garst et al., 2011) . A neighbour-joining tree of lysine riboswitches of Pseudoalteromonas identified in the Rfam seed database together with Pf3 sRNA was built to show the phylogenetic relationship of this sRNA family (Supporting Information Fig. S5 ). These lysine riboswitches grouped into two clusters in the tree, including group I, located next to a dihydrodipicolinate synthase gene, and group II associated with an aspartkinase gene. Pf3 sRNA, located upstream of dihydrodipicolinate synthase gene, was clustered into group I. Both dihydrodipicolinate synthase and aspartkinase are involved in the biosynthesis of lysine, but catalyse different steps. It seems that lysine biosynthesis is under complex control, involving different lysine riboswitches. Since Pf1 sRNA was the most dominant transcript detected, especially at HT, we tried to investigate the potential correlation of Pf1 sRNA and gene expression in the transcriptomes. Using Pearson r correlation, the transcription of up to 644 genes was found to be significantly correlated with Pf1 sRNA (P value < 0.01) (Supporting Information Table S6 ). Of these, 12 genes were positively correlated with Pf1 sRNA, and the remaining 632 genes were all negatively correlated with Pf1 sRNA. According to eggNOG classification, a significant number of genes were not assigned into COG functional categories (Supporting Information Fig. S6 ). The 632 negatively correlated genes were mostly grouped into COG categories S (function unknown), E (amino acid transport and metabolism), C (energy production and conversion), R (general function prediction only), J (translation, ribosomal structure and biogenesis), U (intracellular trafficking and secretion) and H (coenzyme transport and metabolism), accounting for around 20%-30% genes in the genome grouped into these COG categories (Supporting Information Fig. S6 ).
Different expression associated with temperature and chromosomes
A total of 1446, 709 and 759 differentially expressed genes (DEGs) were detected in the genome in the pairwise comparisons of HT versus LT, HT versus OT and LT versus OT respectively. Volcano plots of DEGs in pairwise comparisons were shown in Fig. 4A . More DEGs were downregulated at HT than at LT and OT, and more DEGs were upregulated at LT than at OT. A heatmap was constructed to show the DEGs with log 2 (fold change) over five in all the pairwise comparisons (Fig. 4B) . Among the 14 genes shown in the heatmap, only three genes were located on chr2. Twelve out of 14 genes were upregulated at HT, and only two genes were upregulated at LT or OT. Among the upregulated genes, eight were located close together and oriented in the same direction on chr1, including four genes similar with indigoidine biosynthetic genes from Streptomyces chromofuscus strain ATCC 49982 (Yu et al., 2012) (Fig. 4C) . DEGs from both chromosomes were also analysed according to eggNOG, GO and KEGG classifications (Supporting Information Figs. S7-S9 ). In the comparison of HT versus LT, most eggNOG categories were downregulated, and more categories were upregulated in the comparison of LT versus OT on chr1 (Supporting Information Fig. S7 ). On chr2, most DEGs had no eggNOG category assigned, and the majority of DEGs were upregulated at HT (Supporting Information Fig. S7 ). Similarly to the eggNOG analysis, more DEGs in most GO categories were downregulated at HT on chr1, and upregulated on chr2 (Supporting Information Fig. S8 ). KEGG pathways generally exhibited similar patterns for the GO and eggNOG analysis, however both chromosomes had DEGs enriched in different KEGG pathways. For example, most DEGs were in the translation pathway on chr1 and in the membrane transport pathway on chr2 (Supporting Information Fig. S9 ).
qRT-PCR validation
The quantitative reverse transcription-polymerase chain reaction (qRT-PCR) was successfully performed for eight randomly selected genes (Supporting Information   Table S7 ). For the three temperature pairwise comparisons, the qRT-PCR results showed good agreement with the RNA-seq data in general (Supporting Information  Fig. S10 ). The discrepancies between the qRT-PCR and RNA-seq data varied for different genes at the three comparisons. For example, fold changes determined by the qRT-PCR and RNA-seq of genes D172_RS10575 and D172_RS20120 at HT compared with LT (HT vs. LT) showed relatively high agreement (Supporting Information Fig. S10 ). Likewise, highly similar fold changes calculated by the two methods (qRT-PCR and RNA-seq) were observed for genes D172_RS02090 and D172_RS09070 in the HT versus OT comparison, D172_RS14545, D172_RS16305 and D172_RS17495 in the LT versus OT comparison (Supporting Information  Fig. S10 ). By contrast, slightly larger discrepancies of fold changes were observed between the qRT-PCR and RNA-seq data for other genes at the three temperature comparisons, such as D172_RS09070 in the pairwise comparisons HT versus LT and LT versus OT (Supporting Information Fig. S10 ). All in all, experimental data from qRT-PCR confirmed the reliability of the transcriptomic profiling data by RNA-seq.
Discussion
According to the set of complete genomes included in Supporting Information Table S1 , Pseudoalteromonas usually contains two chromosomes, with the exception of P. atlantica T6c, P. aliena EH1, P. atlantica ECSMB14104 and P. marina ECSMB14103 (four out of 14 genomes). Strain T6c is most likely wrongly classified into Pseudoalteromonas, for the following reasons: it shares 100% 16S rRNA gene sequence identity with the type strain Paraglaciecola mesophila KMM 241 T and only 89% with P. fuliginea BSW20308; the oriC of strain T6c has no sequence identity with either the oriC1 or the oriC2 of P. fuliginea BSW20308; there was low synteny between the genomes of strain T6c and other Pseudoalteromonas (Supporting Information Fig. S2) ; and the divergence time of strain T6c was far earlier than the other Pseudoalteromonas (Fig. 3) . P. aliena EH1 contains highly similar oriC1 (92% identity) and oriC2 (89% identity) sequences in the genome to those of P. fuliginea BSW20308. The P. aliena EH1 genome has a fragment sharing continuous high synteny with chr2 of P. fuliginea BSW20308 (Supporting Information  Fig. S11 ). This suggests that the genome of P. aliena EH1 could be divided into two replicons. In contrast, the two small genomes of P. atlantica ECSMB14104 and P. marina ECSMB14103 have no sequence like oriC2 and shared low synteny with P. fuliginea BSW20308, and so it is most likely that they only contain a single chromosome, if there are no mistakes in sequencing and assembling of the genomes. Pseudoalteromonas therefore has a diverse genome structure, with most of them containing two chromosomes.
The mechanisms for the evolution of multipartite genomes in Pseudoalteromonas are still unconfirmed. It has been proposed that the secondary chromosomes of NoDiff (3231) Up (410 Agrobacterium, Vibrio and Burkholderia derived from an intragenomic flow of genes from the main chromosome to ancestral plasmids (Egan et al., 2005; Eppinger et al., 2011; Heidelberg et al., 2000; Slater et al., 2009; Tagomori et al., 2002) . As proposed for P. haloplanktis TAC125 and P. translucida KMM 520 T , the second chromosome was probably a plasmid recruited to become a chromosome by obtaining essential genes like those present on the chr2 of P. fuliginea BSW20308, due to the large number of plasmid-encoded genes and the presence of plasmid-like replication and maintenance system (Médigue et al., 2005; Rong et al., 2016) . The same is true in P. fuliginea BSW20308, where more than half the genes on chr2 shared significant similarities with plasmid genes from the Sinorhizobium species and R. solanacearum etc. (Fig. 2A) . As with the Vibrio species (Kirkup et al., 2010) , the two chromosomes of Pseudoalteromonas showed congruent phylogeny (Fig. 3) , indicating the independent origin of the second chromosomes before species diversification, and the coevolution of the two chromosomes over a long time.
An interesting phenomenon discovered during transcriptomic analysis of P. fuliginea BSW20308 is the expression of intergenic regions encoding sRNAs such as tmRNA, 6S RNA, RNase P RNA, SRP RNA and unknown sRNAs. Small noncoding RNAs known as regulators are involved in transcription, translation and mRNA stability and play important roles in environmental adaptation and virulence etc. (Beaume et al., 2010) . The tmRNA, transfer-messenger RNA, is an RNA molecule with tRNA-like and mRNA-like properties and can rescue stalled ribosomes and add the tag peptide to the C terminus of problematic peptides which will be recognized and degraded by proteases (Keiler, 2015) . Since environmental stresses usually cause ribosome stalling, tmRNA is required to rescue stalled ribosomes and degrade incompletely synthesized proteins under environmental stresses (Munavar et al., 2005; Okan et al., 2006; Svetlanov et al., 2012) . The high level of transcription of tmRNA on chr1 at 32 C (38.01%) and 15 C (24.02%) supports this idea. In particular, the tmRNA is the most abundant transcript detected at 32 C, much higher even than the CDSs expressed under this condition, suggesting the importance of the tmRNA quality-control system in this bacterium under heat stress. Although the tmRNA was expressed at a much lower percentage (19.61%) at 4 C, the tmRNA level is undeniable even at this low temperature. Since the original seawater temperature in the Chukchi Sea in which P. fuliginea BSW20308 was isolated is around −1.5 C or below, the bacterium is probably still under temperature stress but much less at 4 C, compared with the other two temperatures. Although we tried to culture the bacterium at −1.5 C, we failed to obtain visible growth by naked eyes after 3 weeks of cultivation in the lab, and so whether tmRNA is also abundant in situ, so as to function as a general qualitycontrol system is unknown. The 6S RNA is another expressed ncRNA in P. fuliginea BSW20308 at nonnegligible levels under high temperature stress, although much less than the tmRNA. The 6S RNA is a noncoding RNA binding to the holoenzyme form of RNA polymerase, acting as a global regulator in modulating stress and optimizing survival during nutrient limitation, especially increasing competitiveness for long-term survival (Cavanagh and Wassarman, 2014; Wassarman, 2007) . The significantly elevated expression of 6S RNA at 32 C is beneficial for the survival of P. fuliginea BSW20308 under heat stress. SRP RNA was also transcribed at the highest level at 32 C. SRP RNA is a signal recognition particle (SRP) RNA and is the RNA component of the SRP ribonucleoprotein complex (Siu et al., 2007) . SRP RNA plays a catalytic role in assembling SRP and its receptor, which mediate protein targeting the plasma membrane in bacteria (Siu et al., 2007) . RNase P RNA is the RNA component of the RNase P holoenzyme, which catalyses the maturation of tRNA and is required for cell viability (Kazantsev and Pace, 2006) . The direct involvement of both SRP RNA and RNase P RNA in stress adaptation has not been reported, however, and the changes in the transcription levels of both sRNAs in P. fuliginea BSW20308 may be a stress response rather than to regulate gene expression under stress. In addition to the identified sRNAs, 15 novel sRNAs were predicted in the transcriptomes. Most have no similar match in the Rfam database, except a potential lysine riboswitch, suggesting that the sRNA world is still expanding and underexplored, especially for non-model organisms. Among the 15 predicted novel sRNAs, Pf1 sRNA dominated the transcripts mapped to the unknown IGRs. The importance of Pf1 sRNA in response to heat stress is obvious, since it accounted for almost 25.85% of reads on chr1, second only to tmRNA and higher than the CDSs at 32 C. The Pearson r correlation showed the significant correlation of Pf1 sRNA with 644 genes, indicating that Pf1 sRNA could be an important regulator that mainly functions as a repressor in response to heat stress. Indeed, it seems similar to the trans-encoded sRNAs, where there is usually little correlation between the chromosomal location of the sRNA gene and the target mRNA genes, and typically base pair with multiple mRNAs (Waters and Storz, 2009 ). The 12 positively correlated genes mostly encode hypothetical proteins, in addition to antioxidant enzymes (alkyl hydroperoxide reductase subunit F and peroxiredoxin), phage shock protein C (PspC), concentrative nucleoside transporter (CNT), 5-methyltetrahydropteroyltriglutamate-homocysteine methyltransferase (METE), sigma-E factor negative regulatory protein RseC and phosphoribosylanthranilate isomerase (PRAI) (Supporting Information Table S6 ). The elevated expression of these positively correlated genes at high temperature indicates their contribution to survival under heat stress. The remaining negatively correlated 632 genes were grouped into 21 COG categories, suggesting that Pf1 sRNA may be involved in the extensive modulation of gene transcription. It also indicates that heat stress results in global gene expression changes.
In addition to the expression of ncRNAs, functional genes with large fold changes under the three temperatures were investigated (Fig. 4) . These genes were mostly upregulated at 32 C, suggesting that extreme heat stress can cause major changes in functional gene expression, as well as the induction of sRNAs. Interestingly, the top eight genes with high fold changes were all located close together in the same direction on chr1, like a cluster (Fig. 4B ). Of these, pseudouridine-5 0 -phosphate glycosidase, peptide synthetase and uracil phosphoribosyltransferase are similar to the IndA, IndC and Orf2 encoded in the indigoidine gene cluster from S. chromofuscus ATCC 49982 respectively (Yu et al., 2012) . A transcriptional regulator was located next to indC, with the opposite direction (green) (Fig. 4C) . The regulator was annotated as a major facilitator family (MarR) regulator and was similar to PecS, which was shown to regulate the synthesis of pectinase, cellulase and blue pigment indigoidine (Reverchon et al., 1994) . A gene encoding blue pigment exporter (D172_RS01485) was also identified. It seems that this putative cluster is responsible for blue pigment indigoidine production. Indeed, P. fuliginea BSW20308 is able to produce dark blue pigment on marine agar 2216 plate, supporting the above hypothesis. Indigoidine is able to scavenge oxygen radicals to protect cells from oxidative damage (Reverchon et al., 2002) . The elevated expression of this potential indigoidine gene cluster is thus in agreement with the requirement for antioxidation under heat stress. In contrast to the upregulation of blue pigment indigoidine production, cellulase was reported to be downregulated by PecS (Reverchon et al., 1994) . In agreement with the observation, the cellulase gene was among the mostly downregulated DEGs at both 32 C and 15 C, and was upregulated at 4 C. Aldehyde dehydrogenase is the most highly downreguated gene at both 32 C and 15 C, but upregulated at 4 C. The function of aldehyde dehydrogenase is to oxidize the toxic aldehydes and decrease oxidative stress caused by aldehydes (Singh et al., 2013) . Both heat and cold stresses can lead to the increased production of reactive oxygen species (ROS); however, it seems that different antioxidant-related genes are involved in dealing with ROS. Both genes encoding aldehyde dehydrogenase and cellulase that are highly upregulated at 4 C are located on chr2, suggesting the importance of chr2 in adaptation to low temperatures.
In conclusion, the multipartite genome structure of P. fuliginea BSW20308 has been evolved historically by acquiring foreign genes from ancestral plasmid donors. The development of multipartite genomes is indicated as advantageous for rapid response and adaptation to challenging growth conditions, which is probably one of the mechanisms for their ubiquitous distribution and survival under extreme environments. The two chromosomes are different in many aspects, such as size, GC content, origin of replication, gene organization, mobile elements, evolution history and function. The two chromosomes were predicted to play different roles in surviving and adaptation to environments. Chr1 plays a major role in the fundamental metabolisms and maintaining basic cellular functions, and also deals with heat stress through increasing the expression of multiple sRNAs in intergenic regions. Chr2 seems to acquire essential genes from chr1, and hence contributes to fundamental metabolisms as well. Chr2 has genes involved in secondary and auxiliary metabolisms, as well as genes with unknown function, which are believed to help the organism survive in a broader range of environmental conditions, such as by increasing fitness at low temperatures. The extensive involvement of sRNAs in temperature stress in Pseudoalteromonas is now revealed. In addition to the previously identified sRNAs, we have found novel sRNAs with potential regulation roles in heat stress, providing novel insights into gene transcription in response to environmental stress and adaptation at RNA level. This is also useful for mining sRNAs in this genus for further investigation. This work provides a comprehensive picture of stress adaptation, including both sRNAs and functional genes to enhance our understanding of the potential effects of climate change on microbes living in the Arctic Ocean.
Experimental procedures
Complete genome sequencing and annotation PacBio RS II sequencing was used to obtain a complete genome of P. fuliginea BSW20308, since only a preliminary draft genome was available previously (Zeng et al., 2013b) . Genomic DNA was extracted using the standard phenol-chloroform method (Sambrook and Russell, 2006) . Libraries were constructed using the PacBio SMRTbell™ Template Prep Kit (PacBio) and sequenced on the PacBio RS II platform at Shanghai Hanyu BioTech, China. The raw data was filtered and assembled using the Hierarchical Genome Assembly Process (HGAP) algorithm (version 2.1.1). Gap-closing PCR was performed to obtain a complete genome. Genes were predicted using Glimmer 3.02 (Delcher et al., 2007) . Transfer RNAs and rRNAs were predicted using tRNAscan-SE version 1.23 (Schattner et al., 2005) and RNAmmer version 1.2 (Lagesen et al., 2007) . Genes were annotated by BLAST against the NCBI nonredundant database and COGs were obtained by analysis in the CDD database (Marchler-Bauer et al., 2007) . Protein sequences predicted for chr2 were compared against the plasmid database from NCBI, using BLASTp with e-value < 1e
−5 as a threshold. The AntiSMASH 3.0 program was used for secondary metabolite gene cluster prediction (Medema et al., 2011) . Genomic islands (GIs) were detected by the Islandviewer 4 (Dhillon et al., 2015) . Prophages were detected using the PHASTER program (Arndt et al., 2016) . CRISPR was predicted by the CRISPRfinder program (Grissa et al., 2007) . BLAST Reciprocal Best Hits analysis was performed to find orthologs between the two chromosomes, with a minimum 40% identity and 50% coverage.
Comparative analysis of selected complete Pseudoalteromonas genomes
The complete Pseudoalteromonas genome sequences selected for comparative analysis were downloaded from the GenBank database. Gene families were grouped by hcluster_sg (version 0.5.0) based on hierarchical clustering according to all-versus-all blast scores. The amino acids of single-copy genes were concatenated and aligned using MUSCLE (Edgar, 2004) . Neighbour-joining trees were constructed based on the concatenated alignments using MEGA 7.0. (Kumar et al., 2016) . Time estimation was calculated using MEGA 7.0, based on the NJ tree constructed using the concatenated single copy genes shared by Pseudoalteromonas and other bacteria with known divergence time estimated previously (Battistuzzi et al., 2004) . The whole-genome-based phylogenetic tree was constructed using the CVTree3 web server (Zuo and Hao, 2015) . Synteny analysis was performed at the nucleic acid level. The genes of the target genome were ordered according to the reference genome based on Mummer (version 3.22) and BLASTN with e-value < 1e −5 (Delcher et al., 2003) .
RNA extraction and sequencing P. fuliginea BSW20308 was cultured in triplicates at the three temperatures to the early stationary phase and immediately treated with Trizol reagent (Invitrogen). Total RNA was extracted from each replicate at each temperature using phenol-chloroform extraction to construct nine strand-specific RNA-seq libraries. DNaseI was added to eliminate potential contaminating genomic DNA. Ribosomal RNA was removed using the Ribo-Zero rRNA Removal Kit (Illumina, San Diego, CA, USA). The cDNA libraries were constructed using the Illumina TruSeq stranded mRNA library preparation kit. The secondstrand cDNA was synthesized using dUTP, which were degraded by Uracil-N-Glycosylase after index ligation. Pair-end sequencing (2 × 150 bp) was performed on the Illumina NextSeq 500 platform at Shanghai Personal Biotechnology (Shanghai, China).
RNA-Seq data analysis
Raw RNA-seq data was filtered and quality-controlled using FastQC software (http://www.bioinformatics. babraham.ac.uk/projects/fastqc). Clean reads were mapped to the genome, using Bowtie 2 with default parameters (Langmead and Salzberg, 2012) . Novel transcripts were predicted using the Rockhopper program (Tjaden, 2015) , and compared against the NCBI nonredundant database, Swiss-Prot database (Boeckmann et al., 2003) and eggNOG database (Huerta-Cepas et al., 2015) . Novel transcripts that did not match coding genes were further compared against the Rfam database (version 12.3) to predict sRNAs (Nawrocki et al., 2015) . Principal component analysis (PCA) was performed to cluster the nine transcriptomes, using DESeq2.
Differential expression analysis
The number of reads mapped to each gene from the nine transcriptomes was converted to reads per kilobase per million mapped reads (RPKM). Pairwise comparisons of differential expression under each temperature treatment were calculated according to the DEGseq package using the MA plot-based method, with the random sampling model (Wang et al., 2009) . Differences were considered to be statistically significant when the P value < 0.05 and the absolute value of log 2 (fold change) >1. Volcano-plots were created using the ggplot2 package on R statistical software by plotting the log 2 (fold change) in relation to the − log 10 (P value) (Wickham, 2009 ).
QRT-PCR
Eight genes were randomly chosen for qRT-PCR to experimentally validate the transcriptional abundance results from RNA-seq analysis. RNA samples at the three temperatures were reverse transcribed to cDNA using the Rayscript cDNA Synthesis Kit (GENEray, Shanghai). Primers (Supporting Information Table S7 ) were designed and validated to yield a single dissociation curve peak for each gene. The housekeeping gene dnaQ (D172_RS14485) was used as the internal control. qPCR was performed on the ABI 7500 real time PCR platform using Power qPCR PreMix (SYBR Green) (GENEray, Shanghai). Each reaction was performed in triplicate. The relative expression levels of the selected genes normalized to the internal control were calculated using the 2 -ΔΔCt method.
Data accessibility
The complete genome sequence has been deposited in GenBank under the accession numbers CP013138.1 (chr1) and CP013139.1 (chr2). The transcriptome data has been deposited in the Sequence Read Archive under the accession number SRP096670. Fig. S1 . Circular genome graph illustrates the distribution of genomic islands (GIs), prophages, secondary metabolite biosynthetic gene clusters (SMGCs) and CRISPRs on the two chromosomes of P. fuliginea BSW20308. Fig. S2 . Synteny analysis of P. fuliginea BSW20308 with the other complete Pseudoalteromonas genomes of chr1 (a) and chr2 (b). Fig. S3 . Growth temperature range of P. fuliginea BSW20308. Fig. S4 . Pearson correlation analysis and principal component analysis of biological triplicates of the nine transcriptomes of P. fuliginea BSW20308. A, B and C showed high correlation within the same temperatures with Pearson correlation coefficient from 0.83 to 1.00. D represented the principal component analysis showing that transcriptomes within the same temperature clustered together. Fig. S5 . Neighbor-joining tree of riboswitches in Pseudoalteromonas. Fig. S6 . eggNOG classification of genes significantly correlated with Pf1 sRNA. Fig. S7 . eggNOG classification of differentially expressed genes (DEGs) in the three comparisons of transcriptomes on the chr1 and chr2 of P. fuliginea BSW20308. One-letter abbreviations for the COG categories are the same as in Fig. 1 . Fig. S8 . GO classification of differentially expressed genes (DEGs) in the three comparisons of transcriptomes on the chr1 and chr2 of P. fuliginea BSW20308. Fig. S9 . KEGG pathway classification of differentially expressed genes (DEGs) in the three comparisons of transcriptomes on the chr1 and chr2 of P. fuliginea BSW20308. Fig. S10 . QRT-PCR validation of expression pattern analysed using RNA-seq. Fig. S11 . Synteny analysis of P. fuliginea BSW20308 with P. aliena EH1, P. atlantica ECSMB14104 and P. marina ECSMB14103. Table S1 . Comparison of general features of selected Pseudoalteromonas complete genomes. Table S2 . Secondary metabolite gene clusters of P. fuliginea BSW20308 predicted by antiSMASH 3.0. Table S3 . List of bacterial phylotypes shared similar plasmid sequences with the second chromosome of P. fuliginea BSW20308. Table S4 . Statistic analysis of reads from the nine transcriptomes of P. fuliginea BSW20308. Table S5 . Predicted new transcripts and sRNAs located within the unknown IGRs transcribed in the nine transcriptomes. Table S6 . List of genes significantly correlated with Pf1 sRNA. (Only the positively correlated genes and the top 10 negatively correlated genes were shown. A full list of genes is available in the Table S6 .xls file uploaded as additional supporting information.) Table S7 . Primers designed for qRT-PCR analysis.
